The magnetohydrodynamic (MHD) parachute e¨ect is studied numerically for the reentry conditions. The e¨ects of the extra ionization due to induced electric ¦eld U × B are taken into account. The e©ciency of MHD interaction in terms of drag is estimated. For the §ight conditions under consideration, the increase of total drag due to electromagnetic one is more than twice.
INTRODUCTION
The interest to the supersonic §ow control by means of the electromagnetic ¦eld has been renewed after papers [1, 2] , in which several new ¦elds have been proposed. These proposals could be conditionally classi¦ed as (i) the §ow control and (ii) the power generation. As far as the §ow control is concerned, the intensive studies on the in §uence of magnetic ¦eld on the reentry §ight were carried out in 1990s and early 2000s [36] . It was found that magnetic ¦eld can signi¦cantly change the position and the shape of the bow shock, thus changing the aerodynamics of the reentry vehicle. The most important practical conclusion made in these studies is that the mitigation of the heat §ux on the vehicle surface could be signi¦cant.
As far as the power generation is concerned, most studies were carried out within the ¤AJAX¥ concept ¦rst presented in [7] . The less studied is the ¤dream¥ concept of on-board MHD generator [1, 810] . Earlier studies have shown the principal possibility to extract ∼ 1 MW electric power from the hypersonic air§ow. Later, in [11] , the on-board MHD generation was studied for the reentry • ; 2 ¡ 10 • ; and 3 ¡ α = 30 • ). Flow conditions (the TsAGI hypervelocity MHD facility [2, 10] ): V = 5000 m/s, P = 30 Pa, M = 9.7, angle-of-attack = 30
• , length of magnet 96 mm, and diameter of conductors 15 mm conditions. Just recently [10] , the experimental demonstration of the hypersonic MHD generation was presented.
As a consequence of the power generation studies, the novel concept of the MHD break (MHD parachute) has been proposed in [810] . Figure 1 demonstrates the performance of the MHD parachute under experimental conditions of the hypersonic MHD facility: the total drag can be increased in order of magnitude due to the interaction of electric current in plasma with applied magnetic ¦eld. It was also noticed that the electromagnetic drag depends neither on the 530 FLOW CONTROL Figure 2 Magnetohydrodynamic parachute as the means to prevent high heat loads while reentry path: (a) horizontal (V h , solid curves) and vertical (Vv, dashed curves) velocity vs. altitude; (b) peak heat loads vs. altitude: 1 ¡ S mhd = 0; 2 ¡ 1; 3 ¡ 10; and 4 ¡ S mhd = 100. Reentry conditions: altitude = 80 km, V h = 11.4 km/s, Vv = 0, and angle-of-attack = 30
• angle-of-attack, nor on the body shape. Figure 2 demonstrates the main idea of MHD parachute: to prevent rather than to protect. This means that the MHD deceleration of the vehicle should take place at the altitudes where heat §uxes onto vehicle surface are still not high to damage thermal protection system. The §ight at lower altitudes (higher gas density) could occur at much lower velocities.
Simulations of the MHD parachute for the real §ight conditions (M = 24) showed that the su©cient thermal ionization could take place behind the bow shock only near the critical point of the vehicle. The downstream §ow is chemically frozen, and the charged particles are only those produced in the leading part of the shock layer. The ionization degree is not high enough to produce the signi¦cant MHD interaction in the §ow. At the same time, it has been noticed that the reduced electric ¦eld |U × B|/n (U is the velocity; B is the magnetic §ux density; and n is the total number density) can be as high as 10 3 Townsend, which is much higher than breakdown ¦eld in air. A natural idea to take into account the ionization due to a strong electric ¦eld has been ¦rst considered in [12, 13] . It has been found there that the ionization degree can be increased in two orders of magnitude in the §ow over the magnet.
In the current paper, the MHD parachute e¨ects are demonstrated in the hypersonic §ow of nitrogen over the thick plate with magnet built into plate body. The improved model of the ¤electric ¦eld kinetics¥ is considered.
PROBLEM SETUP
Consider the supersonic §ow over a thick plate with the cylindrical leading part (Fig. 3) . The free-stream §ow conditions are as follows: gas is nitrogen, the velocity is 11137 m/s, the static pressure is 16.6 Pa, the gas density is 2.34 ×10 −4 kg/m 3 , the static temperature is 238.5 K, and the Mach number is 35.2. The plate length along the §ow direction is 0.7 m, the radius of cylindrical part of the plate is 0.016 m. Magnetic ¦eld is generated by the wire with current; so, it is normal to the plate surface over the most part of the plate. Considering the plate long enough in the direction normal to the picture (z-direction), one can assume that magnetic ¦eld is created by two conductors with opposite currents parallel to z-direction. So, the magnetic ¦eld is two-dimensional (2D) B(x, y). The distance between the conductors is 0.3 m, the left one is 0.1 m left from the leading edge of the plate. It is convenient to characterize the magnetic induction as the ¦eld value B * on the plate surface just over the conductor. The value of the ¦eld in the center of the plate (between two conductors) is approximately B * /7. For zero angle-of-attack, one can consider the §ow symmetric respective to axis y = 0.
The case of so-called short-circuit MHD generator, that is, E z = −∂ϕ/∂z = 0 (ϕ is the electric potential; and E z is the mean z-component of electric ¦eld) will be considered. Assuming also that all §ow variables do not depend upon z-coordinate (near-electrode processes are neglected), the 2D §ow, that is, ∂/∂z ≈ 0 for any §ow variables will be considered. The Faraday electric current, j z , and induced electric ¦eld, E * z = (U × B) z are the functions only of (x, y). In 2D problem, one can introduce the electric potential ϕ(x, y), electric ¦eld E(x, y) = −∇ϕ, and electric current density j(x, y) = (j x , j y , j z ).
Continuum one- §uid two-temperature model is considered; so, the gas can consist of heavy particles, N 2 , N, N + 2 , N + , with the same gas temperature and electrons with the electron temperature. The quasi-neutrality is assumed as well the drift-di¨usion approach. This allows one to apply the generalized Ohm£s law along with the steady equation for electric charge conservation. The key point of the model is a treatment of reaction rates. In this study, traditional approach is considered. That is, the rates of the electron impact ionization 532 FLOW CONTROL reactions depend directly on the reduced electric ¦eld, E/n (E is the absolute value of the electric ¦eld strength, and n is the total number density). Another approach in which the e¨ective ionizing electric ¦eld depends on the magnetic ¦eld is planned to be considered later. In estimating transport properties of the mixture, it is assumed that the collision frequencies of the processes with participating of electrons are determined by the electron temperature. The latter is found from the corresponding transport equation. In the equation, both the elastic and inelastic losses are estimated, the energy gain from the electric ¦eld is accounted for, and the anisotropic electron heat conductance is considered. The inelastic losses model was designed on the base of papers [1416].
GOVERNING EQUATIONS
Under assumptions made above, the following set of 2D equations is considered:
∂ρe e ∂t + ∇(ρe e + P e )U) + ∇q e = jE * + Q ee − Q ei ; (4)
Here, j is the electric current density; E is the electric ¦eld strength; ϕ is the electric potential; E * = E + U × B is the electric ¦eld in the coordinate system moving with the §ow; σ is the scalar electric conductivity; B is the magnetic §ux density; β is the Hall parameter; ρ i are the partial densities; ρ is the total §uid density; U = (U x U y ) is the mass-averaged §ow velocity; P is the gas-kinetic pressure; e 0 is the total speci¦c energy; e e = (3/2)Y e R e T e is the speci¦c electron energy; e x , e y are the unit base vectors; and ξ = 0 for cartesian coordinate system. The equations of state for the §uid are speci¦ed as follows:
Here, e is the speci¦c internal energy; h is the speci¦c internal enthalpy; h i is the partial speci¦c internal enthalpy; Y i = ρ i /ρ is the mass fraction of the ith component; h i,f is the formation enthalpy of the ith component; and C pi (T ) is the ith heat-capacity at constant pressure. These are approximated by functions of temperatures. For all molecules, atoms and ions T i = T ; T e is the electron temperature. The terms Q ee and Q ei are the elastic and inelastic losses, respectively. The inelastic losses include the energy loss to ionization and dissociation due to electron impact as well as the losses to the excitation of internal energy states of N 2 and N. Mass di¨usion §ux • i , total heat §ux q, and electron heat §ux q e are speci¦ed as
Here, D i is the di¨usion coe©cient of the ith component; λ is the mixture heat conductivity coe©cient; λ e is the electron heat conductivity; and
where n e is the electron number density, m e is the electron mass, ν e is the mean electron collision frequency, and k is the Boltzman constant. Viscous stress tensor is:
where δ ij is the Kronecker symbol. Coe©cients D i , λ, and µ were determined in accordance with [17, 18] . Conductivity was determined as follows: σ = en e µ e ; µ e = σ en e = e τ e m e ≡ β e B ; τ e = ν ν e = ν ej , ν ej = n j u e Q ej .
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Here, e is the electron charge; µ e is the electron mobility; ν e is the mean electron collision frequency; n j is the number density of particles of the jth kind; u e is the mean thermal electron velocity; and Q ej is the collision cross section for collisions of electrons with particles of the jth kind.
CHEMICAL KINETICS MODEL
The production rate of the ith chemical component due to chemical reactions is given as:
Here, c i is the molar concentration of the ith component; W i is its molecular mass; ν ′ l,r and ν ′′ l,r are the stoichiometric coe©cients of reagents and products in the rth reaction; k fr and k br are the forward and backward reaction rate constants, respectively; a, b, E a are the reaction parameters; N r is the total number of reactions; and N is the total number of components. For thermal kinetics, E a is the activation energy and T * = T . For ¤electric ¦eld kinetics,¥ T * = E/n 0 is the value of reduced electric ¦eld, and E a is the characteristic reduced electric ¦eld. For ¤¦eld¥ recombination reactions, T * = T e . The thermal kinetics scheme consists of 14 reactions. ¤Field¥ kinetics consists of electron impact reactions for N 2 ionization and dissociation, N ionization, and backward recombination reactions determined by the electron temperature. ¤Field¥ reaction rate constants, as well as the term Q ei were calculated from the solution of Boltzman equation and approximated as functions of reduced electric ¦eld and electron temperature.
In the previous work [13] , the authors assumed that magnetic ¦eld does not a¨ect directly on the ¦eld kinetics. However, in [19] it is shown that electron energy distribution function (EEDF) should depend on the magnetic ¦eld. Therefore, here the approximation to the reduced electric ¦eld calculated in [19] will be used:
where Y = E/n 0 · 10 16 V·cm 2 , and X = (JE * )/(en e n 0 ) · 10 10 V·ÓÍ 3 /s. Actually, relation (7) means that e¨ective reduced electric ¦eld participating in ionization kinetics diminishes due to Hall e¨ect.
To solve the set of partial di¨erential equations (1)(6) the following initial and boundary conditions are speci¦ed for §ow variables. Initial solution is those obtained at B * = 0 (see Fig. 3b ). On the left boundary, free-stream §ow conditions are set, and chemical composition is speci¦ed as follows: ρ N2 /ρ = 1, ρ j = 0, j = 2, . . . , 5. For electric potential and electron temperature, the ¤out §ow¥ conditions are set: (n g ∇ϕ) = 0. Here, n g is the unit normal vector. On the right boundary, out §ow conditions are set for all variables. The plate surface is considered as noncatalytic and nonconductive, with ¦xed wall temperature: T w = 1800 K, (n g ∇ρ j ) = 0, (n g j) = 0, U w = 0. Part of the boundary between the left boundary and the plate is considered as symmetry axis. Typically, calculations were carried out such that characteristic magnetic ¦eld increases from smaller to larger value with the rate 1 Tl/ms and holds then constant.
COMPUTATIONAL DETAILS
The problem has been solved in the computational domain consisting of the 160 grid cells along the body and 120 cells in the direction normal to it (C-type grid has been used). Strong stretching of grid-nodes has been applied near the body wall in the normal direction. Grid-independence gas been tested for no MHD case on the grid containing 240 cells in the normal direction. Inviscid §uxes are computed with AUSM-type §ux-splitting technique, and viscous §uxes are computed using central di¨erences. All calculations have been done on PC (Intel Core 2 Duo) using sequential code. Typically, from 18 to 36 h were required to obtain each steady-state solution. However, several cases were running simultaneously.
RESULTS
Free-stream §ow conditions correspond to one of the trajectory point of Stardust spacecraft entry §ight path (see, for example, [20] ). Original §ow ¦eld is presented in Fig. 4 . The gas temperature behind the bow shock at the stagnation line is about 23,000K, pressure is 28 kPa, electron number density is about 2.3 · 10 15 cm −3 , which corresponds to 1.4% of relative concentration (mole fraction). Original drag for this con¦guration is 330 N/m (viscous component is about 35 N/m). base 0.3 m. However, main contribution to the drag is made in the leading part of the shock layer (Fig. 5b) . Electromagnetic drag is about 400 N/m; so, total drag is about 700 N/m (viscous component vanishes). The electron concentration reaches 5% in the interaction zone (Fig. 5c ). Further increase in magnetic induction to 2.7 Tl results in increase of electromagnetic drag to 540 N/m. Another test series were made to ¤clean¥ parachute e¨ect and to eliminate the in §uence of the leading part of shock layer. This was made by decreasing the magnetic ¦eld base in two times (Fig. 6 ). For such con¦guration, electromagnetic drag is 170 N/m that is slightly less than the ratio of magnetic base sizes. As consequence, the increase of angle of oblique shock is less than in the previous case.
In both cases considered here, the intensity of MHD interaction is high, but less than in earlier prediction with seeded §ow. Nevertheless, even under nonequilibrium conditions of realistic §ight, the parachute e¨ect remains remarkable and suitable for trajectory control.
As far as the nonequilibrium ionization is concerned, the e¨ect turned out rather small except for regions just behind the shock. In these regions, reduced electric ¦eld (in the sense of approximation (7) from paper [19] ) may be as high as 500 Td while it is about 2050 Td in the interaction zone. The in §uence of the nonequilibrium ionization is still not completely clear, especially within the shock structure. It follows from formal estimations that the very high electric ¦eld can take place within the shock structure at very moderate values of Hall parameter. Therefore, further studies of the extended nonequilibrium ionization at the presence of magnetic ¦eld are needed to understand its in §uence on the §ow.
EXPERIMENTAL TEST ON THE NONEQUILIBRIUM IONIZATION DUE TO MAGNETIC FIELD
The experimental tests were carried out on the hypersonic MHD Facility [8 10, 13] . Common view of the model (thick plate) mounted in test section is shown in Fig. 7a . Top view of the model is schematically shown in Fig. 7b . Also, electrode system and magnetic coil are shown in this ¦gure. More details on the experimental setup can be found in [10] . The di¨erence of current setup from those typically used in the previous works is the absence of MHD accelerator, which provided the hypervelocity §ow in the test section (typically, U ∼ 50007500 m/s, Mach number ∼ 815).
In the current tests, the following §ow conditions were tested. The freestream velocity was estimated as U ∼ 2900 m/s (Mach number ≤ 6), static pressure ∼ 80 Pa, amplitude of the 2-millisecond pulse magnetic ¦eld ∼ 1 Tl. Such conditions were selected since no thermal ionization in the shock layer is expected, T max < 4000 K. According to estimations, the reduced electric ¦eld can reach the value of 300 Td under the bottom side of the model, which is high enough for ¦eld ionization. Figure 8 represents two photos of the §ow under bottom side of the test plate, in the place where maximal ionization was predicted. The visualization of the §ow was done with the camera (Citius, 5000 fps). Bright strip at the bottom picture points out on the presence of electrons, which might appear Figure 8 Visualization of the e¨ect of nonequilibrium ionization in supersonic air §ow around a test plate: (a) no magnetic ¦eld, and (b) §ow with 2-millisecond pulsed magnetic ¦eld (B * ∼ 1 Tl). Flow from right to left, angle-of-attack is 10
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• only due induced electric ¦eld. No special diagnostic tools were applied on this preliminary stage, only electric potential drop (Faraday voltage) was measured in the circuits designated as electrode-pair-1 and electrode-pair-2 in Fig. 7 . Very small signal was registered in the electrode-pair-2 circuit, and Faraday voltage of about 30 V was detected in electrode-pair-1. In both circuits, the load resistance 66 kOhm was used.
CONCLUDING REMARKS
This paper continues the studies of MHD §ow within the MHD parachute concept. For real §ight conditions and magnetic induction level considered, the electromagnetic component of total drag may 1.6 times exceed hydrodynamic one for lab-scale model (0.3 m). That is, calculations con¦rm the principal feasibility of entry trajectory control by magnetic ¦eld even under nonequilibrium conditions of real §ight. The ¦rst experimental tests pointed out on the presence of ionization in the cold air §ow due to applied magnetic ¦eld. So, further studies of the ionization e¨ect in magnetic ¦eld are necessary.
The most recent studies of MHD parachute under real air conditions made for both lab-and space-scale models (see, for example, [21] ) revealed that total drag can be increased in almost order of magnitude (B * ∼ 1 Tl), even though the induced magnetic ¦eld deteriorates the MHD interaction.
